Ferrochelatase (FECH) is an essential enzyme for the final step of heme biosynthesis. In green plants, its activity has been reported in both plastids and mitochondria. However, the precise subcellular localization of FECH remains uncertain. In this study, we analyzed the localization of FECH in the unicellular red alga, Cyanidioschyzon merolae. Immunoblot and enzyme activity analyses of subcellular fractions localized little FECH in the plastid. In addition, immunofluorescence microscopy identified that both intrinsic and hemagglutinin (HA)-tagged FECH are localized in the mitochondrion. We therefore conclude that FECH is localized in the mitochondrion in C. merolae.
Introduction
Tetrapyrroles, including heme and Chls, play important roles in various biological processes, such as respiration and photosynthesis. All tetrapyrroles are synthesized through a common pathway, which localizes in mitochondria and cytosol in animal and fungal cells (Ponka 1999) . In green plants, however, the tetrapyrrole biosynthetic pathway is localized in plastids, while the location of the last steps of heme synthesis remains unclear (Papenbrock and Grimm 2001, Tanaka and Tanaka 2007) .
Cyanidioschyzon merolae is a unicellular red alga found in acidic hot springs. The cell contains one nucleus, one mitochondrion and one plastid, each with their own genome (Kuroiwa 1998) . The complete sequences of the three genomes have been determined , Matsuzaki et al. 2004 , Nozaki et al. 2007 ). Phylogenetic analysis of the C. merolae genome sequences support the idea that it diverged very early in the eukaryotic lineage . Cyanidioschyzon merolae has been proposed as a primitive phototrophic eukaryote because of its extremely simple cell structure and minimally redundant small genome. It has therefore been developed as a model organism for investigating the basic architecture of photosynthetic eukaryotes. In this study, we estimated the subcellular localization of tetrapyrrole biosynthetic enzymes in C. merolae using a prediction program, and found that most enzymes of the tetrapyrrole biosynthetic pathway are probably localized in the mitochondrion or in the plastid, as in other eukaryotic organisms.
Ferrochelatase (FECH) is involved in the terminal step of heme biosynthesis, and is one of the key enzymes in the tetrapyrrole metabolic pathway. FECH has been shown to localize at the inner mitochondrial membrane in animal and fungal cells (Lange et al. 1999) . In vascular plants, two types of FECH have been identified, referred to as Type-I and Type-II. It has been suggested that the both types of FECH are found in plastids, while being expressed in distinct tissues (Suzuki et al. 2002 , Masuda et al. 2003 . In the unicellular green alga Chlamydomonas reinhardtii, FECH is encoded by a unique nuclear gene and is localized in the plastid (van Lis et al. 2005) . These data indicate that FECH is generally localized in plastids in green plants. However, its subcellular localization still remains elusive, since FECH activity has been detected in both plastid and mitochondrial fractions (Little and Jones 1976) . Phylogenetic analysis indicated that red algal (C. merolae, Porphyra yezoensis and Galdieria sulphuraria) FECHs were not monophyletic with those of green plants, which are likely to have originated from cyanobacterial FECH, but cluster with proteobacterial and apicomplexan FECH enzymes Wilson 2003, Obornik and Green 2005) . With respect to its subcellular localization, C. merolae FECH (CmFECH) was predicted to localize in the mitochondrion (Sato and Wilson 2003 , Plant Cell Physiol. 54(8): 1289 -1295 (2013 Obornik and Green 2005) , while FECH was shown to localize in the apicoplast (i.e. the non-photosynthetic plastid derived from a red algal secondary endosymbiont) in an apicomplexan parasite Plasmodium falciparum (Varadharajan et al. 2004 ). We consider that the subcellular localization of FECH is critical to understanding tetrapyrrole metabolism in C. merolae, and experimentally analyzed the subcellular localization of FECH in this study.
Results
Predicted subcellular localization of tetrapyrrole metabolic enzymes in C. merolae
In order to understand the subcellular localization of tetrapyrrole metabolic enzymes in C. merolae, we first performed a bioinformatic prediction analysis. The amino acid sequences of the tetrapyrrole metabolic enzymes were retrieved from the C. merolae genome database (http://merolae.biol.s.utokyo.ac.jp/), and the subcellular localization was predicted using the TargetP algorithm (http://www.cbs.dtu.dk/services/ TargetP/). Most enzymes were predicted to localize either in the mitochondrion or in the plastid (Table 1) . CmFECH, encoded by the single nuclear gene CMS035C, was predicted to localize in the mitochondrion ( Table 1) .
Localization of CmFECH in C. merolae
A recombinant protein corresponding to the amino acid region 42-429 of CmFECH was overexpressed in Escherichia coli, and examined for FECH activity using a Zn-chelating activity assay as described previously (Ohgari et al. 2011) . Compared with the control, the FECH activity was clearly detected in the E. coli lysate, which expressed CmFECH ( Supplementary Fig. S1 ). We purified the expressed CmFECH protein to homogeneity using the N-terminally fused His-tag, and used it to raise a mouse antiserum against CmFECH. Immunoblot analysis of the C. merolae total cell lysate showed that the antiserum detected two bands of 47 and 30 kDa (Fig. 1) . Since the smaller band was detected even in the absence of the anti-CmFECH antiserum, the larger 47 kDa band was considered to be the specific CmFECH signal.
In order to identify the intrinsic localization of CmFECH, we first investigated CmFECH localization by immunoblot analysis. After disruption of C. merolae cells, whole-cell and plastid fractions were prepared by density gradient centrifugation as described (Minoda et al. 2005) , and then analyzed. RbcL (large subunit of RubisCO), which is encoded by the plastid genome and thus localizes in the plastid, was detected in both the whole-cell and the plastid fractions (Fig. 2) . On the other hand, EF-Tu (mitochondrial elongation factor Tu), which is localized in the mitochondrion (Nishida et al. 2004) , was detected only in the whole-cell fraction (Fig. 2) , indicating that the mitochondrion was completely removed from the plastid fraction. Using these fractions, we investigated the localization of CmFECH using the antiserum against CmFECH.
The signal of CmFECH was detected only in the whole-cell fraction, suggesting that CmFECH was not localized in the plastid (Fig. 2) . In addition, our immunomicroscopy analysis showed that the CmFECH (Fig. 3E-H ) was detected in the mitochondrion, together with EF-Tu ( Fig. 3A-D) . These results are consistent with the bioinformatic prediction ( Table 1) .
Detection of FECH activity in C. merolae
The above prepared whole-cell lysate and the plastid fraction were examined for FECH activity. Substantial FECH activities were normalized by the number of plastids, which was estimated based on the amount of RbcL protein ( Supplementary Fig. S2 ). Each FECH activity was detected in the whole-cell fraction with a specific activity of 1.493 ± 0.035 nmol Zn-mesoporphyrin mg À1 protein min À1 at 37 C, whereas the plastid fraction had a specific activity of 0.014 ± 0.015 nmol Zn-mesoporphyrin mg À1 protein min À1 at 37 C (Table 2) . Thus, the level of FECH specific activity in the plastid fraction was <1/100 of that of the whole-cell lysate, indicating that CmFECH does not localize in the plastid.
Expression and subcellular localization of hemagglutinin (HA)-tagged CmFECH
A DNA fragment including the CmFECH upstream and coding regions was PCR amplified and cloned into the pBSHAb-T3 0 plasmid (Ohnuma et al. 2008) , which was designed to express a C-terminal HA-tagged protein in C. merolae (Fig. 4A) . The resulting plasmid pBS-CmFECH was introduced into C. merolae using the polyethylene glycol (PEG)-mediated method (Ohnuma et al. 2008) , and the transient expression of the HA-tagged CmFECH was examined by immunoblot analysis using an anti-HA antibody. A plasmid to express HA-tagged b-tubulin protein was introduced into C. merolae cells in parallel as a control. As shown in Fig. 4B , the HA-tagged b-tubulin and CmFECH were clearly detected at the expected sizes (55 and 50 kDa, respectively). Subsequently, we used indirect immunofluorescence microscopy to examine the subcellular localization of the HA-tagged CmFECH. As shown in Fig. 4C-F, the HA-tagged b-tubulin protein was detected at the spindle structure during the mitotic phase, while the HA-tagged CmFECH (Fig. 4G-J) was detected in the mitochondrion.
Discussion
In this study, we first estimated the localization of the tetrapyrrole biosynthetic pathway in C. merolae (Table 1) . Although the C. merolae genome has a minimal redundancy (Matsuzaki et al. 2004) , two genes for uroporphyrinogen decarboxylase, CME194C and CMP083C, and also two genes for the H subunit of magnesium chelatase, CMB093C and CMO212C, were found in the nuclear genome. Each of the two uroporphyrinogen decarboxylases, CME194C and CMP083C, was predicted to localize in the plastid or in the mitochondrion, respectively. In animal and fungal cells, uroporphyrinogen decarboxylase was shown to localize in the cytoplasm (Ajioka et al. 2006) , whereas it was found in plastids in green plants (Papenbrock and Grimm 2001) . CMO212C and CMB093C were assigned as ChlH1 and ChlH2, respectively. Two types of ChlHs are conserved in both green plants and algal species, but a ChlH2 homolog is not found in the cyanobacterium Synechocystis sp. PCC 6803 (Lohr et al. 2005) . CMO212C was predicted to localize in the plastid, consistent with the results from other organisms (Fuesler et al. 1984 , Gibson et al. 1996 , Nakayama et al. 1998 ). However, CMB093C was predicted to localize neither in the mitochondrion nor in the plastid, suggesting that the role of ChlH2 is differerent from that of ChlH1 in the C. merolae cell. The gene products of CMV024C (encoding subunit-I of magnesium chelatase, ChlI) and CMV149C (encoding magnesiumprotoporphyrin IX monomethyl ester cyclase, Ycf59) must localize in the plastid because these genes are encoded by the plastid genome (Table 1) . Further studies are necessary to obtain a more complete picture of the metabolic flow of heme and other tetrapyrroles in C. merolae.
Of the tetrapyrrole biosynthesis enzymes of C. merolae, we examined the subcellular localization of CmFECH. It was shown Fig. 1 Immunoblot analysis with the antiserum against CmFECH. The crude extracts were prepared from the C. merolae culture. Sample (10 mg for each lane) was analyzed using mouse antiserum against CmFECH as the primary antibody and horseradish peroxidase-conjugated anti-mouse immunoglobulin G antibody (GE Healthcare BioSciences Co.) as the secondary antibody. Numbers on the left indicate the molecular weight (kDa). Fig. 2 Immunoblot analysis of RbcL, EF-Tu and FECH proteins. The crude extracts were prepared from the whole-cell fraction (WC) and the plastid fraction (Pt), which were prepared as described previously (Minoda et al. 2005 ). Samples (6 Â 10 5 cells or plastids for each lane) were analyzed by immunoblot analysis using anti-RbcL, anti-EF-Tu and anti-CmFECH antibody, respectively. experimentally that the plastid fraction contained little FECH activity, and intrinsic CmFECH protein was not detected in the plastid fraction (Fig. 2) . In addition, both intrinsic CmFECH and the transiently expressed CmFECH-HA protein were localized in the mitochondrial compartment (Figs. 3E-H, 4G-J) . Overall, these results suggest that CmFECH localizes in the mitochondrion in C. merolae. This information is essential for the understanding of tetrapyrrole metabolism in C. merolae. Heme plays important roles not only in the mitochondrion, but also in the plastid, as a component of photosynthetic cytochromes and to provide a precursor for phycocyanobilin. Heme generated by CmFECH in the mitochondrion must therefore be transported back to the plastid.
As FECH is localized in mitochondria of animals and fungi, it would have localized in the mitochondria of eukaryotic cells before the symbiotic origin of the plastid. After primary symbiosis, the common ancestor of plants may have retained FECH in both mitochondria and plastids, at least during the first phase. Either the mitochondrial FECH or the plastid FECH might have been lost during the subsequent evolution of green and red plant lineages, respectively. This kind of occasional gene loss could be responsible for the diversity of enzyme localization in plant lineages.
Materials and Methods

Antiserum against CmFECH
Mouse anti-CmFECH antiserum was generated as follows: a truncated DNA fragment coding for residues 42-429 of CmFECH (CMS035C) was amplified by PCR using primers 5 0 -CACCAGCTCAGGTACAGCACGGAACGCCG-3 0 and 5 0 -ACAC GAGTCCTCGATAATACGCAGCAAGGC-3 0 , and cloned into pENTR TM /D-TOPO (Invitrogen). To produce tagged recombinant protein, the CmFECH gene (CMS035C) was recombined into the destination vector pDEST-Cold-TF (Imamura et al. 2008) . The resulting vector was transformed into an E. coli strain Rosetta TM 2(DE3)pLys (TAKARA), and the expression of the recombinant protein was induced with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) during mid-log phase of the culture. The cells were collected by centrifugation, and the recombinant protein was purified as described previously (Watanabe et al. 2007 ). The purity of the protein was confirmed by SDS-PAGE, and a monoclonal antibody to the protein was generated by immunizing a mouse (Japan Lamb Co., Ltd.). To select the specific antiserum against CmFECH, a histidinetagged trigger factor was purified, and used for an enzymelinked immunosorbent assay (ELISA) as a negative control.
Cell preparation for fractionation
Cyanidioschyzon merolae 10D was grown at 40 C in MA2 medium (Ohnuma et al. 2008 ) under bubbling with 2% CO 2 and continuous illumination (50 mmol photon m À2 s À1 ). Ferrochelatase activities in the whole-cell and plastid fractions were measured using Zn-chelating activity assay as described previously (Ohgari et al. 2011) . The activities were normalized by the number of plastids, which was estimated based on the amount of RbcL protein (Supplementar Fig. S2 ) using ImageJ (http://rsb.info.nih.gov/ij/). The data are means ± SD from three independent experiments.
Whole-cell or plastid fractions were prepared from asynchronous cell cultures, as described previously (Minoda et al. 2005) . The extract samples, corresponding to 6 Â 10 5 cells and plastids, were applied to each lane and examined by immunoblot analysis.
FECH activity assay
FECH activity was measured using mesoporphyrin and zinc acetate as substrates, as previously described (Ohgari et al. 2011 ).
Immunofluorescence microscopy
Cyanidioschyzon merolae cells were collected by centrifugation, and fixed in chilled methanol containing 1% (w/v) paraformaldehyde and 10% (v/v) dimethylsulfoxide for 5 min at -80 C, and washed twice with phosphate-buffered saline (PBS). After 30 min blocking with 1% bovine serum albumin and 0.05% Tween-20 in PBS (blocking buffer), the cells were immunostained for 1 h with mouse monoclonal anti-CmFECH or anti-HA antibody (Invitrogen) diluted 1:10 or 1:500 in the blocking buffer, washed twice with the blocking buffer and incubated for 1 h with Alexa Fluor 488-conjugated goat anti-mouse antibody (Invitrogen) at a 1:250 dilution. After washing twice with the blocking buffer, the cells were examined under a fluorescence microscope equipped with an Olympus BX50 microscope (Olympus). Images were captured with an Olympus DP71 digital camera and processed by Adobe Photoshop plug-in software.
Expression of exogenous CmFECH protein
A DNA fragment bearing the CmFECH (CMS035C) upstream and coding region was PCR amplified from the C. merolae genome using primers 5 0 -GCACTAGTGCCGCCGGATATGAC CCTAAACG-3 0 (SpeI sites underlined) and 5 0 -GCTTAATTAAA 
CACGAGTCCTCGATAATACGC-3
0 (PacI sites underlined), and introduced into the polylinker site of pBSHAb-T3 0 using the attached SpeI and PacI. The resultant plasmid was named pBS-CmFECH (Fig. 4A) . Transformation, protein extraction and immunoblot analysis were performed as described previously (Ohnuma et al. 2008) .
Supplementary data
Supplementary data are available at PCP online. 
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